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ABSTRACT 
 
 Surface microtexturing has shown significant promise over the past decade as one of the 
surface engineering methods to modify friction performance.  We tackle two important problems 
associated with surface texturing – developing low cost scalable manufacturing technique and 
engineering design rules for fluid power applications.  We report experimental and numerical 
investigation of the friction characteristics of microtextured surfaces.  The textures are of size 
28-257 m on stainless steel surfaces, fabricated using micro-casting.  Friction characteristics of 
these surfaces were tested under submerged condition using a pin-on-disk configuration.  
Numerical simulations solved the Navier-Stokes equations to predict the texture-induced lift.  
During hydrodynamic lubricated sliding, the textured surfaces exhibit friction as much as 80% 
lower than the untextured surfaces.  We study the effect of operating conditions on the friction 
performance of the surfaces for different textures.  The trends obtained in the experiments match 
well with the simulations, and indicate design rules for the implementation of this technology. 
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CHAPTER 1: INTRODUCTION 
  
The presence of micrometer-scale textures on a surface can modify the friction characteristics 
of that surface.   It has long been known that micrometer-scale surface irregularities affect the 
load capacity of parallel sliding surfaces [1], however only recently have such textures been 
engineered to improve friction performance of mechanical parts [2, 3].  Microtextures act as 
microhydrodynamic bearings, enhancing load support and increasing film thickness, which leads 
to lower friction compared to untextured surfaces.  Recent research has considered optimization 
of micro-dimples for automotive components including bearings and piston rings [4-6].  These 
studies highlighted the importance of dimple depth and its impact on reducing the friction 
coefficient.  Other research has shown that micrometer-scale roughness orientation plays a key 
role in friction characteristics [7].  The packing density of the textures also affect friction [8].  
Several published articles use computational fluid dynamics to study lubricant flow over 
micrometer-scale textures [2, 3, 6-14].  In some cases, textured surfaces in hydrodynamic 
lubrication can be accurately modeled by the Reynolds equation.  However the Reynolds 
equation is not accurate when inertial effects are important when the Reynolds number is high, 
Re ~ >8, when the textures have high depth to width ratio, or when the film thickness is larger 
than the texture depth [9-12].  Few articles have reported that the Navier-Stokes equations must 
be solved in order to account for the role of convective inertia in generating lift from surface 
textures [13, 14].  In order to broadly investigate many geometries and operating conditions, this 
thesis solves the full Navier-Stokes equations in two dimensions.  
A key technical challenge to realizing microtextured surfaces in industrial applications has 
been the lack of micro-manufacturing technologies that can form friction-reducing surface 
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microtextures at large scales and in real engineering materials.  Surface texturing techniques for 
tribological applications include chemical etching, shot blasting, ion beam etching, 
photolithography and laser texturing [3, 15-24].  Some published reports investigate sliding 
friction on micro-structured semiconductor surfaces [15, 16], which are too brittle for industrial 
applications and cannot be scaled beyond several inches.  It is possible to fabricate microtextured 
steel using photolithography and chemical etching [17], but this approach is not easily scaled to 
substrates with complex three-dimensional shapes.  Finally, laser texturing has been considered 
for manufacturing micro-textures [3, 18-21], but it has relatively low throughput and has limits 
on the textures that can be produced.   
This thesis describes experimental and numerical investigation of lubricated sliding surfaces 
having micro-scale surface textures.  A micro-casting process that can be scaled to curved 
surfaces and large areas is applied to produce micro-textures on stainless steel surfaces and tested 
under unidirectional pin-on-disk configuration using a tribometer.  We solve the full Navier-
Stokes equations to compare with trends obtained from the experiments under hydrodynamic 
conditions.  
Table 1.1 summarizes the key literature in the experimental investigation of microtextured 
surfaces for friction reduction.  The table lists the textures tested, the operating conditions used 
and the manufacturing methodology used to produce these microscale textures.  Table 1.2 
highlights the key literature in the numerical study of microtextured surfaces.  Key parameters 
like texture geometry, operating conditions and the numerical model are listed.  Conclusions 
drawn in terms of the optimum texture parameters for these conditions are also listed in the table.  
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Table 1.1. Summary of literature in the experimental domain and the key parameters studied 
Author Regime 
Texture 
width 
(µm) 
Texture 
depth 
(µm) 
Lubricant 
Viscosity  
@20
o
C  
(Pa.s)  
Pressure 
(MPa) 
Velocity 
(m/s) 
Textured 
material 
Texture 
method 
Geiger  
(1998) 
HD, 
EHL 
25 -- 
150 
5 -- 20 Mineral oil 1.5 
 
1 -- 2 Ceramic LST 
Dumitru  
(2000) 
HD, BL 5 – 10 5 – 8 Mineral oil 
0.096  
@40
o
C  
0.01 
440 
Stainless 
LST 
Ryk  
(2002) 
HD 100 
8 -11,  
19, 20 
SAE 40 
0.113  
@40
o
C 
0.1 - 0.5 
 
Chrome 
coated steel 
LST 
Wang  
(2003) 
HD 50 - 650 2 - 16.6 Water 0.001 1.5 - 15 
0.31 -- 
0.94 
SiC RIE 
Pettersson 
(2003) 
BL 5, 20, 50 5 
Poly-alpha  
olefin 
 680 0.0125 
TiN, DLC 
on Si 
PL and 
KOH etch 
Pettersson 
(2004) 
BL 5, 20, 50 5 
Poly-alpha  
olefin 
 680 0.0125 DLC on Si 
PL and 
KOH etch 
Kovalchenko 
(2004) 
BL – HD 58 - 140 4 – 6.5 
10W30  
15W50 
0.047, 0.11  
@40
o
C 
0.16 – 1.6 
0.15 – 
0.75 
52100  
steel 
LST 
Nakano  
(2007) 
HD 60, 500 
6 - 10,  
45 - 50 
VG 68 0.059 1, 6 
0.083 - 
1.0 
Cast iron 
Shot 
blasting 
Pettersson 
(2007) 
BL 5 -- 20 
 
Mineral oil 0.02 100 0.006 Steel Embossing 
Costa  
(2007) 
HD 40 - 130 1.8 - 8 Mineral oil 1.5 9.4 - 24.1 0.0121 Steel 
PL and 
chemical 
etch 
Nakano 
(2009) 
HD 30 - 40 10 -- 12 
VG 32,  
68, 320 
0.026 – 
 0.27 
0.014 - 
0.14 
0.001 - 
0.005 
NiFe  
on Si 
PL and 
DRIE 
Qiu  
(2011) 
HD 
250 - 
2000 
46 - 60 
SAE 30  
engine oil 
 
 
0.05 - 4.2 
17-4PH 
stainless 
LST 
Yamakiri 
(2011) 
BL 11 -- 35 8 -- 24 Water 0.001 0.1 - 0.8 
0.042 - 
0.25 
Si3N4 LST 
Surya 
(2011) 
BL 40 – 60 4 – 10 PAG, POE 0.06 5.71 
0.96 – 
3.84 
Cast iron LST 
Mitchell  
(2012) 
HD 10 - 100 5 -- 60 
N35  
mineral oil 
0.06 
 
0.01 
316L 
stainless 
µ-casting 
HD – Hydrodynamic lubrication; EHL – Elasto-hydrodynamic lubrication; BL – Boundary 
lubrication; DLC – Diamond like carbon; LST – Laser surface texturing; RIE – Reactive ion 
etching; PL – Photolithography; KOH – Potassium hydroxide; DRIE – Deep reactive ion 
etching; PAG – Polyalkylene glycol; POE – Polyol ester; VG – Viscosity grade 
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Table 1.2. Summary of literature in the numerical domain and the key parameters studied 
Author Regime Model 
Texture 
geometry 
Optimum texture 
parameters 
Viscosity 
(Pa.s) 
Pressure 
(MPa) 
Velocity 
(m/s) 
Application 
Etsion 
(1996) 
HD Reynolds 
Hemispherical 
dimples 
Width: 10 – 20 µm 
Area density: 20 % 
0.001 0.5 – 3 9.5 
Mechanical 
seals 
Ai 
(1996) 
EHL Reynolds 
Transverse, 
longitudinal, 
oblique 
roughness 
Transverse and 
longitudinal roughness 
perform well 
0.04 
230 – 
380  
High pressure 
seals 
Ronen 
(2001) 
HD Reynolds 
Spherical 
dimples 
Depth over diameter ratio: 
0.1 – 0.18 
Area density: 5 – 20 % 
   
Reciprocating 
automotive 
Arghir 
(2003) 
HD NS 
Rectangular, 
Sinusoidal, 
Triangular 
C/S 
 
Re: 0.1-
100   
Various 
applications 
Siripuram 
(2004) 
HD Reynolds 
Circle, 
Square, 
Diamond, 
Hex, Triangle 
+asperities: 
Area density: 0.2 – 0.3 
-asperities:  
Area density: 0.4 - 0.5 
0.042 0.1 2.66 
Mechanical 
seal 
Sahlin 
(2005) 
HD NS 
Cylindrical, 
splined C/S 
Depth to FT ratio:  
0.5 – 0.75 
High area density 
Re: 40 - 
160   
Various 
applications 
Brajdic 
(2005) 
HD NS 
Square 
pockets 
Depth to FT ratio: ~20 0.009 0.5 - 50 1 Pad bearing 
Kligerman 
(2005) 
HD Reynolds 
Partial 
textures with 
spherical 
dimples 
Textured portion: 60 % 
High area density 
Aspect ratio: 0.1 
Depth: 10 – 20 µm 
0.083 0.4 4.8 Piston rings 
Dobrica 
(2009) 
HD 
Reynolds 
and NS 
Square 
pockets 
Discusses applicability of 
Reynolds equation 
Re: 0.125 
– 256   
Various 
applications 
Dobrica 
(2010) 
HD Reynolds 
Trapezoidal 
textures – 
Partial and 
full 
High area density 
Depth to FT ratio:  
0.4 – 0.8 
0.03 
FT = 15 
µm 
5 Pad bearing 
Han 
(2010) 
HD NS 
Spherical 
dimple 
Depth to FT ratio:  
0.8 – 2 
High area density 
Re: 10 – 
160   
Various 
applications 
Qiu 
(2011) 
HD Reynolds 
Spherical 
dimple 
Predicts optimum dimple 
density, depth and depth 
to diameter ratio 
0.0002 – 
1 
FT = 2 – 
24 µm 
0.63 – 
3.77 
Thrust bearing, 
mechanical seal 
HD – Hydrodynamic lubrication; EHL – Elasto hydrodynamic lubrication; NS – Navier-Stokes; 
FT – Film thickness; Re – Reynolds number; C/S – cross-section 
5 
 
CHAPTER 2: EXPERIMENTAL 
 
2.1 Experimental setup 
Unidirectional sliding tests were performed on a High Pressure Tribometer (HPT) between a 
stationary nominally flat textured pin and a rotating untextured disc with constant applied normal 
load (N) and rotational velocity (u).  A 6-axis strain gage load cell measured the in-situ friction 
and normal forces between the surfaces, which was then used to calculate the friction coefficient.  
Further technical details and schematic of the test rig can be found in literature [25, 26].  The pin 
and disc were immersed in a pool of lubricant (submerged conditions) but otherwise the system 
was maintained at room temperature and atmospheric pressure.  The lubricant used was 85W-
140 gear oil with a viscosity (η) of 1.5 Pa.s at 20oC.  We selected this lubricant for its technical 
relevance, as it is used in many automotive and pump applications.  While the oil has some 
additives, we note that the same oil type was used for all measurements and so the measurements 
fairly compare textured vs. nontextured surfaces for real applications. 
   
2.2 Experiment methodology 
Table 2.1 lists the samples fabricated and their texture geometry.  The samples were chosen 
such that the effect of geometrical parameter like texture width, depth and density is studied 
independently.  Prior to the tests, the samples were screened using an optical microscope to 
ensure that the inclination of the specimen was less than 5 µm over a 6.3 mm length; 5 µm was 
chosen since the average peak-peak of the roughness of the pins was 5 µm.  This was done to 
ensure that surface inclination does not contribute to the load.  The samples were subsequently 
cleaned in a pool of acetone for 10 minutes in ultrasound followed by rinsing with isopropyl 
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alcohol.  An initial preload of 45 N was applied to the pin for 10 seconds before the tests in order 
to further ensure conformal contact of the pin and the disc.  Each test was 30 minutes, and the 
steady state friction coefficient was calculated as the average of the friction coefficient after 15 
minutes of testing.    The mass of the pin and the disc were measured before and after the tests to 
quantify wear, if any, during the experiments.  Repeatability tests were performed for the 
samples to ensure parallelism of the contacting surfaces. Good match between repeat tests 
showed that surface inclination was not a factor in the load support for the specimens.  Moreover, 
the width of the burnishing tracks on the disc due to run-in effects were quantified after the tests 
and an average track width of 6.0 mm for the tests confirmed conformal contact between the 
surfaces considering that the pin is cylindrical with circular cross-section. 
Table 2.1. List of Samples and Pattern Geometry. 
Pattern 
Feature  
shape 
Width  
(µm) 
Depth 
(µm) 
Pitch  
(µm) 
Density 
(%) 
Aspect ratio 
(Depth/Width) 
A - 0 0 0 0 - 
B Square 28 42 44 31.8 1.50 
C Circle 32 30 53 28.6 0.94 
D Circle 74 42 131 25.1 0.57 
E Circle 101 32 257 12.1 0.32 
F Circle 102 36 182 24.7 0.35 
G Circle 97 26 140 37.7 0.27 
H Circle 101 65 174 26.5 0.64 
I Circle 113 105 183 29.9 0.93 
J Circle 109 133 182 28.2 1.22 
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2.3 Textured sample 
The pins were made of 17-4 PH stainless steel and the discs were made of 304 stainless steel.  
The pin diameter was 6.3 mm and the disk diameter was 76 mm.  The RMS surface roughness 
(Rq) of the pins was 0.36 µm before the tests and that of the discs was 0.11 µm.  The micro-
textured pins were fabricated by a micro-casting process described in the literature [27, 28].  
Figure 2.1 shows a photograph of the stainless steel pin and a Scanning Electron Microscope 
image of the microtextures.  An important characteristic of these textures is the absence of 
material pile-up around the circumference of the dimples that are typical of laser surface 
texturing methods [19, 29].  The absence of this pile-up provides a textured surface well suited to 
the present application of drag reduction.  
 
 
Figure 2.1 (a) Textured stainless steel pin J and (b) SEM image highlighting the textures. 
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CHAPTER 3: SIMULATION 
 
3.1 Problem setup 
Figure 3.1a shows the simulation cell highlighting the texture geometry and the boundary 
conditions.   
 
Figure 3.1: (a) Schematic of a computational cell with a moving smooth wall against a stationary 
textured wall with inlet textures, showing key geometry.  (b) Prediction for pressure on top wall. 
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In order to reduce the complexity involved in modeling three dimensional geometries we use 
a 2D computational domain with the texture being a cylinder in cross-section.  Previous research 
has shown that the pressure profiles for 3D and 2D texture geometries are similar and we could 
fairly accurately predict the load using a 2D geometry [13] [14] [30].  We found that the 
computational results are the same regardless of where the texture is placed within the 
computational domain.   
The fluid is modeled as isoviscous, isothermal, and constant density.  We assume steady-state 
conditions with periodic boundary conditions and zero gauge pressure on either end.  The 
untextured top wall moves with a constant velocity (u) and the textured bottom wall is stationary.  
A computational fluid dynamics code, FLUENT
®
, solves the Navier-Stokes equations.  The 
governing equations are  
                                                                                                                                  
                                                                                                            
where   is the velocity vector,   is the pressure,   is the fluid density and η is the viscosity.  We 
used first order upwind scheme for momentum discretization and standard scheme for pressure 
discretization.  The algorithm used in the simulations decoupled pressure and velocity [32].  The 
convergence criterion was 10
-7
 for the residuals of all the governing equations.  The input 
parameters were texture geometry and fluid properties and the simulation outputs were shear 
stress and hydrodynamic pressure on the top wall.   
A wide range of parameters were studied with texture width (W) varying from 20 - 1000 µm, 
texture depth (h) 1 - 100 µm and texture density ( = 
 
 
  
  
 ) 4 - 63%.  Figure 3.1b shows the 
pressure profile on the top wall for u = 0.36 m/s and η = 1.5 Pa.s for a texture with W = 84 µm, L 
= 168 µm, h = 10 µm.  The pressure profile is linear similar to Rayleigh step bearings [31, 33, 
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34].  We kept the pressure (P) on the top wall constant in order to find the film thickness for this 
applied load.  The relationship between applied load and film thickness was the same, regardless 
of which one was held constant. 
 
3.2 Simulation results 
Figure 3.2 shows the predicted non-dimensional friction force as a function of texture 
parameters at constant load.  We define the non-dimensional friction force (F
*) as the ratio of the 
friction force (F) to atmospheric pressure (pa) times the area (A), F
* 
= F/(pa A).  The friction 
force is minimum when the texture depth is approximately equal to the film thickness (Fig. 3.2a).  
This critical texture depth depends on the load and decreases with increasing load.  Friction force 
decreases with increasing texture density (Fig. 3.2b) and width (Fig. 3.2c).  However, beyond a 
texture density of about 30% and a width of about 200 µm, the reduction in friction force is 
somewhat lower.  For the constant load applications studied here, we identify good performance 
for texture with h ~ H,  ~ 20 - 30% and W ~ 100 – 200 µm.  
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Figure 3.2: Prediction for non-dimensional friction force as a function of texture parameters for u = 0.36 
m/s and η = 1.5 Pa.s at constant load.  (a) Texture depth dependence for texture density  = 20 % and 
pitch L = 168 µm.  (b) Texture density dependence for texture depth h = 10 µm and pitch L = 168 µm.  (c) 
Texture width dependence for texture depth h = 10 µm and density  = 20 %. 
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CHAPTER 4: RESULTS AND DISCUSSION 
 
Table 4.1 summarizes the different operating conditions used in the experiments and the 
average measured friction coefficient values.  The range of N was 125 - 254 N and the range of u 
was 0.36 - 0.6 m/s.  The corresponding range of contact pressures was 4 – 8.1 MPa.   
Table 4.1: List of experiments and measured friction coefficients. 
Pattern 
Normal 
load  
(N) 
Contact 
pressure 
(MPa) 
Sliding Velocity  
(m/s) 
Average steady State  
COF 
A 151 4.84 0.36 0.051 
B 151 4.84 0.36 0.048 
C 151 4.84 0.36 0.053 
D 151 4.84 0.36 0.036 
E 151 4.84 0.36 0.074 
F 151 4.84 0.36 0.032 
G 151 4.84 0.36 0.028 
H 151 4.84 0.36 0.019 
I 151 4.84 0.36 0.008 
J 151 4.84 0.36 0.028 
B 125 4.01 0.48 0.178 
F 125 4.01 0.48 0.142 
F 125 4.01 0.6 0.112 
H 125 4.01 0.6 0.149 
A 171 5.49 0.36 0.026 
B 171 5.49 0.36 0.033 
F 171 5.49 0.36 0.026 
A 254 8.15 0.36 0.126 
H 254 8.15 0.36 0.097 
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At a given operating condition, the textured samples generally have lower friction coefficient 
compared to untextured sample.  This friction reduction can be attributed to the added 
hydrodynamic load support provided by the textures thereby increasing the film thickness and 
reducing friction.  A few of the samples, B, C and E, have higher friction coefficient than the 
untextured sample.  Samples B and C have low texture width and sample E has low texture 
density.  From Fig. 3.2, friction increases significantly with decreases in texture width and 
density.   
Figure 4.1 shows Scanning Electron Microscope (SEM) images of the textured and 
untextured samples before and after testing.  Comparison of the untextured sample images before 
and after testing showed minor scratches consistent with metal to metal contact (Fig. 4.1a-4.1b).  
However no wear could be quantified, indicating that the burnishing only occurred.  Note that 
under submerged conditions one is not expecting significant contact, yet the load/speed was such 
that asperity contact was sustained, indicating mixed lubrication.  Comparison of the images of 
the textured sample F before and after the experiment (Fig. 4.1c-4.1d) showed no visible 
scratches, indicating that the pin did not make contact with the disk.  This was expected, as the 
textured surface should have increased the load carrying capacity compared to the smooth 
surface, leading to hydrodynamic (full film) lubrication for the textured surface [2, 13, 35].   
14 
 
 
Figure 4.1: Scanning Electron Microscope (SEM) images of untextured sample A (a) before and (b) after 
the experiment at N = 151 N, u = 0.36 m/s and η = 1.5 Pa.s.  The pin experienced some scratches during 
the test indicating metal to metal contact.  SEM images of textured sample F (c) before and (d) after the 
experiment.  Almost no wear is visible on the textured pin. Scale bar in the images represent 100 µm. 
 
Figure 4.2a shows the friction coefficient as a function of sliding distance for samples A 
(untextured), F, and H.  All of the textured samples had similarly stable friction coefficient with 
the exception of sample I.  All of the samples, including sample I, showed no visible wear.  
Surface texturing enhances the load carrying capacity and provides a stable load support, which 
is consistent with previous reports [22, 23].   
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Figure 4.2: (a) Friction coefficient with sliding distance for three samples for N = 151 N, u = 0.36 m/s 
and η = 1.5 Pa.s.  (b) Friction coefficient as a function of bearing characteristic number. 
 
Figure 4.2b shows friction coefficient variation with bearing characteristic number for 
several textured and untextured surfaces.  The bearing characteristic number is a nondimensional 
number that can identify the regime of lubrication B = ηuD/N where D is pin diameter.  The 
friction coefficient decreases with B until B = 2 x 10
-5
. 
 
Beyond this, the friction coefficient 
increases with B, a trend characteristic of hydrodynamic lubrication.  While the measured 
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friction coefficients at high bearing characteristic numbers are high for the full film regime, there 
was no observable wear in these specimens.  Moreover, the friction coefficient evolution for 
these specimens shows a stable trend indicating a stable hydrodynamic load.  The full film 
regime is also expected since the film thicknesses predicted for these conditions are greater than 
three times the RMS surface roughness of the pins [36].  The remainder of the thesis discusses 
the effect of texture geometry in the hydrodynamic regime at B = 2.25 x 10
-5
.  Also, from Fig. 
4.2b, the texture geometry with the lowest friction varies with the operating conditions, in 
accordance with the predictions and literature [2, 14].  Hence, the experimental results obtained 
in the subsequent section identifying texture geometry with low friction is specific to B = 2.25 x 
10
-5
. 
The friction force on the textured surfaces can be expressed as  
      (
   
 
 
 
    
)                                                                
where the effective film thickness in the textured region              .  Due to fluid 
recirculation within the cylindrical dimples, there is a zone where the fluid velocity is zero, 
highlighted by the dashed line in Fig. 3.1a.  The height of this zone is approximately half the 
texture depth (h/2) and the width is W.  The volume of fluid that is sheared in the textured region 
is the sum of volume of the fluid in a cylindrical region of height H and width W and that of the 
fluid within the zero velocity zone with height h/2 and width W.  In order to find an approximate 
expression for     , we equate this total volume to that of the fluid that is sheared in an 
equivalent cylindrical section with height      and width W.  This leads to the following 
expression for     .  
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where    
 
 
 is the aspect ratio.  The film thickness in the experiments was estimated using eqn. 
3 and eqn. 4 and the experimentally obtained friction force.  The simulations used this film 
thickness to predict the friction force and load to compare with the experiments.    
Figure 4.3 shows experimental and predicted friction force as a function of texture 
parameters.  There is overall very good agreement between experiments and predictions.  From 
Fig. 4.3a, friction force attains a minimum at a particular texture depth, which is consistent with 
the trend in Fig. 3.2a and predictions in the literature [2, 14].  For these experimental conditions, 
this minimum is attained at a texture depth of 105 µm.  Figure 4.3b shows the effect of texture 
density on the friction force between sliding surfaces.  Friction decreases with increasing texture 
density; however, beyond a density of 25%, the friction force reduction is small which is in 
accordance with the predictions of Fig. 3.2b.  From Fig. 4.3c, friction force decreases with 
increase in texture width.  However, there is a critical width beyond which there is only a small 
change in friction; a trend similar to Fig. 3.2c.  For these conditions this critical width is about 
102 µm.   
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Figure 4.3: Experimental and predicted friction force for N = 151 N, u = 0.36 m/s and η = 1.5 Pa.s.  (a) 
Effect of texture depth  (b) Effect of texture density  (c) Effect of texture width. 
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We have demonstrated the ability of the current manufacturing process to produce a wide 
range of textured samples and samples without material pile-up to prevent metal-metal contact 
and provide low fluid drag, thus low friction.  The experimental and numerical results are 
important from the point of view of designing optimal textures for various applications.  We find 
a good agreement between the experimental results (Fig. 4.3) and numerical predictions (Fig. 3.2).  
In order to obtain accurate predictions of the optimal texture geometries, numerical models must 
take into account the inertial contribution of the textures to the increased lift.  Several other 
factors like roughness and waviness of the samples also play an important role in the prediction of 
load carrying capacity [1, 37, 38].  These factors are not included in this model and hence the 
absolute values of the load predicted from the simulations were lower than the experimental load 
applied for these conditions.  An accurate numerical model solving the Navier-Stokes equations 
which also includes these additional factors could be a subject of further research. 
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CHAPTER 5: CONCLUSIONS 
 
5.1 Summary 
We have applied a low cost scalable manufacturing technique to produce microtextures on 
stainless steel surfaces to enhance the friction performance.  We report friction reduction as high 
as 80% for textured surfaces compared to untextured surfaces through experiments for these 
operating conditions.  The simulations predict texture geometries for constant load applications 
that lead to low friction.  We have experimentally validated these trends, allowing suitable 
texture geometry prediction for various applications.  For constant load applications, we identify 
the texture with h ~ H,  ~ 20 - 30% and W ~ 100 – 200 µm as the texture with good friction 
performance.  Microtextured surfaces can find application in fluid power systems like seals, 
pumps and valves to significantly reduce friction and wear in these systems. 
 
5.2 Future work 
5.2.1 Constant clearance experiments 
Constant clearance applications are typical of some fluid power and automotive systems.  
Valves sliding within bearings, piston rings sliding within a casing, etc. are examples of constant 
clearance applications where it is important to understand the effect of surface texturing on the 
friction and load between the surfaces.  Some numerical results for such applications are 
presented in the appendix section of this thesis (A.1).  It is difficult to perform displacement 
controlled sliding tests and hence, there is no literature for such tests.  For this, we will be 
collaborating with Prof. Randy Ewoldt of the Mechanical Science and Engineering department at 
University of Illinois – Urbana Champaign.  We will perform constant clearance tests in a 
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rheometer that has the capability to measure the shear torque and the normal load when two 
surfaces rotate relative to one another.  Experiments will be performed at different clearances 
and with different fluids.  The effect of textures on the shear rate and consequently the viscosity 
of Non-Newtonian fluids will also be studied both experimentally and numerically.  
 
5.2.2 Scuffing tests 
Surface texturing enhances the friction performance for refrigeration and air-conditioning 
applications [29].  The textures used in the study, produced by laser surface texturing, had 
material pile-up around the dimple leading to metal – metal contact during initial sliding and 
hence, high friction.  The textures produced by the micro-casting process mentioned above do 
not have material pile-up and hence, would be beneficial for such applications.  Future work will 
focus on testing these textures in applications relevant to refrigeration and air-conditioning.  The 
aim will be to compare the tribological performance of untextured and textured interfaces in the 
boundary lubrication regime.  A specific type of test called scuffing test will be performed to 
simulate contact in compressors.  The normal load on the samples will be increased with time 
and the maximum load that the interface can withstand before failure will be analyzed.  This 
process of failure, where the friction coefficient increases drastically is called scuffing.  Textured 
interfaces are anticipated to increase the scuffing time and also the normal load that the interface 
can withstand.  Such tests will be performed in the presence of HFO-1234yf refrigerant both with 
and without Polyalkelyne glycol (PAG) lubricant.  The sliding speeds will be in the order of 2 – 
3 m/s with the load increased by 40 – 50 N/min.   
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APPENDIX 
A.1 Constant clearance applications 
 
Figure A.1.1: Prediction for friction ratio as a function of texture parameters for u = 0.36 m/s and η = 1.5 
Pa-s at constant clearance. (a) Texture depth dependence for texture density  = 25 % and pitch L = 168 
µm. (b) Texture density dependence for texture depth h = 40 µm and pitch L = 168 µm. (c) Texture width 
dependence for texture depth h = 10 µm and density  = 25 %.  
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Figure A.1.1 shows simulation results highlighting how texture depth, width, and density 
affect the friction ratio at constant clearance.  We define the friction ratio F* as the ratio of the 
friction force (F) between a textured-untextured surface pair to the friction force (FUT) between 
untextured-untextured surface pair, F* = F/FUT.  Friction ratio decreases with increasing texture 
depth (Fig. A.1.1a).  This is because surface texturing in the form of dimples provides a larger 
flow path for the fluid compared to untextured surfaces.  This translates to an increase in the 
effective film thickness between the surfaces.  In Couette flow, the shear stress is inversely 
proportional to the film thickness (H) and hence, deeper textures lead to higher friction reduction.  
Figure A.1.1a also shows that beyond a certain depth when the aspect ratio is greater than unity, 
the friction force does not reduce.  Figure A.1.1c shows the effect of friction ratio on texture 
width for various film thicknesses.  The friction force decreases with increasing texture width.  
However, beyond a critical width which is about ten times the film thickness, the friction force 
does not reduce further.  To summarize, the texture with width and depth approximately ten 
times the film thickness and high texture density gives rise to the least friction at constant 
clearance.    
 
A.2 Leakage studies 
There is a tradeoff between friction and leakage in any seal: it is always possible to increase 
the gap between mating surfaces to decrease friction.  However this gap increase also increases 
leakage.  In order to directly compare textured and nontextured surfaces, we define the friction-
leakage (F-L) ratio, which is the friction reduction (%) divided by leakage increase (%).  When 
this ratio is greater than one, there is a net benefit.  While this ratio is not the key design 
parameter in a fluid power system, it allows for clear performance comparison between different 
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surfaces.  An example prediction is shown in Fig. A.2.1 for a Couette flow.  Such flows are 
typical of automotive or piston pump applications where the piston moves within a bearing and 
there is leakage and friction between the piston outer diameter and the bearing.  The figure 
shows the calculated F-L ratio for textured and smooth surfaces when velocity = 12 m/sec, 
viscosity = 1.5 Pa-sec (gear oil), and the initial film thickness = 20 µm.  For the microtextured 
surface, texture depth = 1-100 µm.  When the gap thickness is increased between smooth 
surfaces, the F-L ratio slightly decreases, illustrating why this is not a preferred approach.  When 
one surface is microtextured, there is a range of textures for which there is a significant benefit in 
leakage between textured and untextured surfaces for the same friction reduction. 
 
Figure A.2.1: Comparison of the friction and leakage characteristics of smooth and textured surfaces.  
The F-L ratio is the ratio of friction decrease to leakage increase.  For a range of parameters, the 
microtextured surfaces have clear benefits compared to smooth surfaces. 
 
  
